The aim of this study is to map orogenic gold prospecting areas in the region of Saqez, NW of Iran. In order to achieve this task geological, geochemical and airborne geophysical data are analyzed and integrated using index overlay and fuzzy logic methods. Geological map of Saqez (1:100000 scale) is used to assign lithological weights based on their favorability for hosting orogenic Au mineralization. Also a fault density map is produced and assigned based on the structural map which is included in the geological map. For preparing geochemical evidence maps, data from 535 stream sediment samples are examined using Number-Size multifractal method for Au, As, Bi and Hg. The detected thresholds are used to assign the catchment basins of the stream sediment samples. Aeromagnetic data is employed to detect the edges of magnetic anomalies based on an enhanced edge detection method. Extracted lineaments are then converted to a density map and assigned properly. Airborne radiometric data is also used to produce two evidence maps. Potassium count grid independently and K/Th ratio map are employed to distinguish locations with hydrothermal activity. Finally after integrating evidence maps, new locations with high potentials of Au mineralization are identified considering that the gold indications of the study area (Qolqoleh, Kervian and Ghabaghloujeh) are placed in the first priority of the fuzzy logic prospectivity map.
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Introduction
The amount of digital geoscientific data available in mineral exploration is increasing rapidly, and the technologies for storing, maintaining and analyzing these data have been developing equally fast during recent years. The spatially referenced geosciences data such as airborne geophysical data, geochemical data, geological and structural data are especially suitable for quantitative analysis using a Geographic Information System (GIS), in order to derive information that is useful in mineral exploration (Jafarirad, 2009; Jafarirad and Busch, 2011; Magalhaes and Souza Filho, 2012; Nykanen et al., 2008) . As stated by Luo and Dimitrakopoulos (2003) , these quantitative methods are often used to: (1) extract the maximum amount of information from the data; (2) effectively combine data from diverse information sources; (3) rank potential targets (mineral sites); and (4) reduce data processing and evaluation time. In this paper, a reconnaissance scale mineral prospectivity map is presented for orogenic gold mineralization in Saqez area, northern part of Sanandaj-Sirjan metamorphic zone, NW of Iran (Figure 1 ).
The region under study with area of about 1800 km 2 comprises Sardasht-Saqez orogenic gold zone with Qolqoleh, Kervian and Ghabaghloujeh indications in the SW (Figure 1 ). Former studies revealed that these gold occurrences are hosted by upper cretaceous meta-volcanosedimentary rocks and are placed over ductile to brittle shear zones and are located within or adjacent to the major deep SaqezSardasht thrust fault and other confining normal faults across this structural zone. The secondary host rock in these indications (especially in Qolqoleh) is altered mylonitic granite. Due to metamorphic genesis of Au mineralization in this region, felsic units are only important as heat sources for percolating hydrothermal fluids. Moreover endowment of As, Bi and Hg have been recorded in these indications (Aliyari et al., 2007 (Aliyari et al., , 2009 (Aliyari et al., , 2012 Tajeddin, 2011) .
Information about the genesis model and effective factors in Au mineralization derived from the former studies was summarized in table 1, and was used to comprehend the genetic model for gold prospectivity mapping. Due to few known Au deposits/indications in the study area, knowledge-driven index overlay and fuzzy logic approaches were chosen for preparing information layers and integration (Bonham Carter, 1994; Carranza, 2008; Magalhaes and Souza Filho, 2012; Nykanen et al., 2008) . 
Materials
Saqez region because of its high potential for diverse kinds of mineralization was the subject of different surveys in recent years. Hence, geochemical data used in this research comes from 535 stream sediment samples which were gathered and analyzed by Geological Survey of Iran (GSI) in 2005. The samples were chemically analyzed using fire assay method for Au and ICP-MS method for Au pathfinders As, Bi and Hg. Detection limit for analyzing Au was 1 ppb and detection limits for analyzing As, Bi and Hg were 0.5, 0.1 and 0.1 ppm respectively. In order to produce geochemical anomaly maps and considering the fact that stream sediment samples represent upstream lithologies, elemental concentrations were assigned to the catchment basins of the samples.
Meanwhile, aeromagnetic and aeroradiometric data are from two separate airborne geophysical surveys. In northern part of the study area with area of about 1546 Km 2 , aeromagnetic and aeroradiometric data were achieved from a helicopter-borne geophysical survey that was carried out by Prakla and Austirex for Atomic Energy Organization of Iran (AEOI) in 1976. Line spacing and flight elevation of this survey were 500 and 120 meters respectively. In the south-western part (polygonal shape zone) with area of about 283 km In order to include all the information layers in final integrations the study area was limited to the extension of the airborne geophysical surveys (the rectangular shape in the north and the polygonal shape in the southwest). Microsoft office excel 7 and Oasis Montaj (6.4.1 CN) software were used for analyzing geochemical and airborne geophysical data respectively, and ArcGIS 9.3 was employed for producing and integrating evidence maps.
Preparing information layers
In order to produce raster information layers (evidence or factor maps) with assigned crisp numbers between 1-10, or fuzzy memberships (0-1) using fuzzy functions such as linear, large and near (Bonham Carter, 1994; Carranza, 2008; Nykanen et al., 2008; Tsoukalas & Uhrig, 1997) , geological, geochemical, aeromagnetic and airborne radiometric data had to be analyzed and interpreted using a range of different methods. In order to prevent missing data in the places where one information layer among overlapping layers does not have a value (nodata), crisp value 1 or a ~0 fuzzy value were assigned to such areas. Coordinate system for all the maps is UTM (Universal Transfer Mercator) zone 38N. The steps of preparing each layer are presented in following sections.
Geochemical data
Number-Size (N-S) multifractal model (Mandelbrot, 1983; Deng et al., 2010; Hashemi and Afzal, 2013) was applied on the geochemical data from stream sediment samples in order to delineate anomaly thresholds for Au, As, Bi and Hg. Thereafter for producing geochemical anomaly maps, the detected thresholds were used to classify the catchment basins of the samples (Figure 2 ). Afterwards for preparing factor maps, crisp values 1-10 were assigned to each geochemical map based on the thresholds resulted from N-S multifractal analysis (Table 2) . Meanwhile fuzzy memberships for Au, As, Bi and Hg were produced using fuzzy large function with midpoint and spread of 7 and 5 for Au and 7 and 3 for elemental paragenesis respectively (Table 2) .
Airborne geophysical data
Airborne geophysical data including aeromagnetic and aeroradiometric data resulted in producing three separate evidence maps. Aeromagnetic data is known as an important source of information for studying lineaments and structures (Bierlein et al., 2006; Henson et al., 2010; Li, 2013) . Many edge detection filters such as analytic signal, vertical derivative, total horizontal derivative (THD) and tilt derivative (TDR) are available to accomplish this task (Ferreira et al., 2011; Verduzco et al., 2004) . However in this research, after removing IGRF from northern and southern Total Magnetic Intensity (TMI) maps, in order to place the magnetic anomalies over their causative bodies and to minimize the effects of shallow magnetic sources, Reduction to The Pole (RTP) and Upward Continuation (UC) filters were applied on TMIs respectively. Thereafter for detecting the magnetic edges THD and TDR were applied on RTP UCs respectively (Almasi et al., 2014) . For rasterizing the edges and converting them into an evidence map, a density map which calculates the density of linear features in the neighborhood of each output grid cell (Silverman, 1986 ) was produced and assigned 1-10 (Figure 3 ). Fuzzy membership of the lineaments' density map was produced using fuzzy large function with midpoint and spread of 7 and 5 respectively (Figure 3 ).
Airborne radiometric data is capable of mapping felsic igneous rocks which contain high amounts of radioactive elements (Th, K and U), and also is able for mapping places with hydrothermal activities (de Souza Filho et al., 2007; Magalhães and Souza Filho 2012; Silva et al. 2003) . Potassium count data and the ratio of K/Th (after Airo, 2001 Airo, , 2007 are used to distinguish these locations. K/Th ratio anomalies for north and south of the study area were mapped and assigned appropriately. Converting K count into an information layer was based on the correlation of high amounts of potassium count with felsic intrusions and its median value over hydrothermal activities and the edges of felsic units (after Airo, 2001 Airo, , 2007 where the gold indications and Au anomalies of the study area are placed. Thus for enhancing median amount in potassium count grids, near function with midpoint and spread of 5 and 0.003 respectively was applied on the K grid, thereafter this layer was assigned 1-10.
Near fuzzy function is used for enhancing an intermediate crisp value in a fuzzy set. The spread and mid parameters are subjectively defined to reflect the expert opinion. An example of the near algorithm is given in figure 4 . The near function is also known as a sinusoidal membership function (Burrough and McDonnell, 1998 ; Tsoukalas and Uhrig, 1997). Fuzzy membership of K layer was generated by applying fuzzy large function with midpoint and spread of 7 and 5 respectively on the median enhanced K map ( Figure 5 ). 
Geological data
For weighing the geological map, host rocks of the gold indications (Qolqoleh, Kervian and Ghabaghloujeh) were considered as highest values and lithological units were assigned based on their favorability for Au mineralization (Table 1) . For instance geological units Ksl-mt and Mtgr-gn which represent meta-volcanosedimentary and mylonitic granites of the geological map ( Figure 1) were assigned with the weights 10 and 9 respectively. Other units were weighed based on their similarity to the host lithologies and their properness for hosting Au mineralization. For example units Mtgn-sch, Ksh, Mtgn-sch and Ksh were given weights of 8 and 7 were other meta-volcanosedimentary units of the study area. In order to produce geological evidence map, the rest of the lithologies were assigned using the values presented in table 3 (Figure 6 ). In addition, fuzzy membership of the geological units was produced with multiplying 8/100 by the crisp values of the table 3. Another information layer was also produced using fault lines of the Saqez geological map (1:100000 scale: Babakhani et al., 2003) . These structures were used for building a density map and then assigned 1-10. Its fuzzy membership was constructed using fuzzy large function with midpoint and spread of 7 and 5 respectively ( Figure 6 ). 
Index overlay and fuzzy logic methods
Mineral prospectivity maps were generated with integrating factor maps using knowledge-driven index overlay and fuzzy logic methods (Bonham Carter, 1994 , Nykanen et al., 2008 The fuzzy set theory which was established by Zadeh (1965) is the cornerstone of fuzzy logic modeling. Demicco and Klir (2004) discuss the rationale and illustrate the applications of fuzzy logic modeling to geological studies but they do not provide examples of fuzzy logic applications to mineral prospectivity mapping. Recent examples of applications of fuzzy logic modeling to mineral prospectivity mapping are found in Hale (2001), Carranza (2002) , Tangestani and Moore (2003) , Ranjbar and Honarmand (2004) , Rogge et al. (2006) and Nykänen et al. (2008) . Typically, application of fuzzy logic modeling to knowledgedriven mineral prospectivity mapping involves three main feed-forward stages: (1) fuzzification of evidential data; (2) logical integration of fuzzy evidential maps with the aid of an inference network and appropriate fuzzy set operations; and (3) defuzzification of fuzzy mineral prospectivity output in order to aid its interpretation. Each of these stages in fuzzy logic modeling of mineral prospectivity is employed in this study in order to orogenic gold prospectivity mapping in the case study area.
Results and discussion
The biggest challenge in orogenic gold prospectivity mapping in GIS was defining a unified and clear exploration model based on the genesis of the gold occurrences in the study area. Presences of different overlapping signs of mineralization were needed for converting a place to a high potential prospect. The other challenge was having only three known Au occurrences in the study area (Qolqoleh, Kervian and Ghabaghloujeh gold occurrences) which was a limitation for using an empirical (data-driven) integration method such as weight of evidence. On the other hand, the strength was having a variety of datasets especially high resolution airborne geophysical data. Nine evidence maps namely Au, As, Bi, Hg ( Figure  2 and table 2), aeromagnetic lineaments (Figure 3b ), K (Figure 5a ), K/Th (figue 5b), lithologies ( Figure  6a ) and faults of the geological map ( Figure 6b ) were generated and assigned with crisp values. In this stage each on these layers were given a value based on their importance for orogenic gold exploration in the study area. Weight 10 was selected for geological structures, lineaments extracted from aeromagnetic data and Au factor maps, 9 was considered for K map, 8 was chosen for K/Th and geology factor maps and 7 was multiplied in the layers of As, Bi and Hg. After integration with index overlay, values 7 and 8 were considered as the first priority for orogenic Au mineralization in the prospectivity maps and values 6 and 5 were selected as second and third priorities respectively (Figure 7a and b) . Area of the first, second and third priorities are 9.33, 68.82 and 271.48 km (Figure 6b ) fuzzy memberships were produced using fuzzification techniques. For fuzzy modeling, fuzzy or operator was employed in order to combine similar fuzzy members: 1) elemental paragenesis As, Bi and Hg, 2) structures ( Figure 6b ) and lineaments ( Figure 3b ) and 3) K and K/Th ratio ( Figure 5 ). Secondly, these layers were integrated with other fuzzy memberships which were produced in former stages such as geology and Au layers using gamma operator with gamma value of 0.8. Finally for defuzzification and prioritizing fuzzy logic mineral prospectivity map, Concentration-Area (C-A) multifractal model (after Cheng et al., 1994; Afzal et al., 2012) was applied on the pixel values of the generated map (Figure 8 ). Values greater than 0.6 were considered as the first priority, values 0.46 to 0.6 was considered as second priority and values 0.28 to 0.46 was regarded as the third priority (Figure 9) . Area of the first, second and third priorities are 11.82, 52.13 and 227.62 km 2 . 
Conclusion
Data integration using GIS resulted in the following main conclusions: 1) Comparing the areas of the first priorities in fuzzy logic and index overlay modeling (fuzzy: 11.82 km 2 > index overlay: 9.33 km 2 ) revealed that fuzzy logic model is more powerful for orogenic gold prospectivity mapping and it is less likely for fuzzy modeling to lose a high potential location.
2) In the mineral prospectivity map resulted from index overlay integration model (Figure 7 ), Qolqoleh and Kervian gold occurrences are located in the first priority but Ghabaghloujeh occurrence is placed in the second priority area, however in the prioritized orogenic gold prospectivity map of the fuzzy logic model (figure 9) all the three gold indications are located in the first priority zone, which is another score for fuzzy modeling.
3) Concentration-Area (C-A) multifractal model is an effective technique for defuzzification of the mineral prospectivity map resulted from fuzzy logic modeling. 4) Other first priority locations have been specified in the south and north of the Sardasht-Saqez zone and also in the east of the study area (Figure 9 ). These locations are suggested for more exploration and field checking. 5) Most important evidences for orogenic gold prospectivity mapping are faults and fractures and hydrothermal activity which can be exposed using airborne magnetic and radiometric data.
6) Au anomalies in the NW of the study area ( Figure 2 ) and their absence in final potential maps can be construed as a sign for having other types of Au mineralization in the region.
